thought to be involved in the pathogenesis of both a poor sperm count and testicular cancer. It is speculated that environmental agents that disrupt the estrogenic/androgenic balance in the testis may play a role in this connection.
Introduction
The testicle performs two major tasks: the production of testosterone and formation of haploid germ cells (spermatogenesis). These functions are generally considered to be regulated by pituitary gonadotrophins, with luteinizing hormone (LH) acting on the testosterone-producing Leydig cells located in the interstitium and folliclestimulating hormone (FSH) affecting Sertoli cells in the seminiferous tubules.
Originally described by Enrico Sertoli in 1865, the somatic Sertoli cell fills a crucial nursing function in connection with spermatogenesis. Comprising the structural elements of the seminiferous epithelium, fully differentiated Sertoli cells regulate the flow of nutrients and growth factors to the haploid germ cells by tight junctions between adjacent cells in this epithelium. This so-called blood-testis barrier ( fig. 1 B) thus does not separate the blood from testicular tissue, but rather constitutes a deli-cate boundary between diploid and haploid germ cells. Accordingly, a well-functioning Sertoli cell provides the developing germ cells with appropriate mitogens, differentiation factors and sources of energy, as well as protecting them from harmful agents and from the host's own immune system [1] .
Clearly, the rate and quality of spermatogenesis is determined directly by the number and function of Sertoli cells present. Consequently, testicular size is frequently employed as a crude indicator of Sertoli cell number. Several of studies have focused on the regulation of the proliferation and the differentiated function of this cell type.
In the late 1990s a disturbing phenomenon directs a spotlight onto Sertoli cell development. Several investigations revealed an increase in disturbed male reproductive health, a condition referred to by Skakkebaek et al. [2] as testicular dysgenesis syndrome (TDS). TDS includes a number of different phenomena, i.e., retentio testis, hypospadia, reduced sperm count and testicular cancer, the frequencies of all of which were shown to be increasing in several regions of the world (see references in [2] ). Malfunctioning and poorly developed Sertoli cells are suggested to be involved in the pathological processes leading to a reduction in the quality of semen, as well as to testicular cancer.
Sertoli Cell Development
The first appearance of fetal Sertoli cells in the primitive gonad defines the initial stage in the development of the embryonic testis. These cells express the sry gene, thus determining the male sex of the gonad. As the exclusive source of anti-Müllerian hormone Sertoli cells are also responsible for inhibiting the development of internal female genitalia. These cells together with another type of somatic testicular cell, the peritubular cell, are required for formation of the testis cords [3, 4] .
The immature Sertoli cell differs extensively from the mature cell with respect to both morphology and biochemical activity. The structure of the immature seminiferous tubule (cord) also differs, containing in addition to Sertoli cells, only peritubular and germ stem cells (spermatogonia). Germ cell differentiation has not yet begun and the seminiferous cords are solid, lacking any lumen ( fig. 1 A) .
As puberty approaches, the Sertoli cells become elongated and tight junctions are established between them. These cells begin to produce seminiferous fluid, which results in the transformation of the testis cords into seminiferous tubules possessing a lumen. The differentiated, mature Sertoli cell alters its pattern of protein expression, starting to produce, e.g., transferrin [5] and the inflammatory cytokine IL-1 ␣ [6] [7] [8] [9] ( table 1 ) . Immature Sertoli cells divide constantly, but this proliferative activity declines in connection with puberty and after tight junctions have been formed, Sertoli cells are considered to no longer exhibit proliferative capacity [10] . These pronounced differences between the immature and mature Sertoli cell indicate that it is as important to understand the differentiation process as to characterize the functional regulation of the mature cells.
Sertoli Cell Function
Clearly, adequate Sertoli cell function is required for the appropriate differentiation of germ cells ( fig. 2 ) . Unfortunately, even though many of the proteins expressed by Sertoli cells have been identified, in the vast majority of cases the specific role played by each protein in connection with germ cell development remains unknown. The most convincing evidence that an individual factor produced by Sertoli cells is crucial for spermatogenesis concerns the stem cell factor, which is produced exclusively by these cells in the tubules and for which the receptor c-kit is expressed on spermatogonia. Although functional disruption of either stem cell factor or c-kit in the mouse results in germ cell depletion, the implications of this finding for human testicular disorders is not yet clear (for a review see [11] ). Following disruption of the extracellular matrix by enzymatic digestion, Sertoli cells can be isolated and thereafter cultured and studied in vitro. However, due to the presence of tight junctions and other changes in the cell membrane following puberty, such isolation is difficult to perform on adult testes. In vitro investigations of Sertoli cell function focus primarily on the influence of various endocrine and paracrine factors on the expression and activity of certain proteins that can be assayed easily, e.g., transferrin, aromatase, the androgen receptor (AR) and lactate dehydrogenase. Sertoli cells produce steroids and nutrients, together with a large number of proteins that may regulate germ cell growth and survival. These products may be secreted in a biphasic manner, i.e., either above the blood-testis barrier to act on haploid germ cells or below this barrier to influence cells located in the interstitium, e.g., the Leydig cells. IGF-I = Insulin-like growth factor-I; FGF = fibroblast growth factor; IL-1 ␣ = interleukin-1 ␣ ; TGF-␣ / ␤ = transforming growth factor-␣ / ␤ ; SCF = stem cell factor. The different cell types are color-coded as indicated. For additional information, see [97, 98] .
Endocrine Regulation
Follicle-Stimulating Hormone FSH is the major endocrine hormone known to regulate Sertoli cell function. This is the only cell type in the testis that expresses receptors for this hormone, which, in combination with other factors [12, 13] , is well established to be required for adequate Sertoli cell proliferation [14, 15] . Moreover, FSH stimulates the aromatase activity and production of, e.g., inhibin, lactate, transferrin and AR by Sertoli cells [16] [17] [18] [19] . Humans who lack a functional FSH receptor develop smaller testes than do normal males, in agreement with the reduction in Sertoli cell number observed in the testes of mice lacking this receptor [20] . These men also exhibit disturbed spermatogenesis (oligozoopermia and teratozoopermia), although they remain fertile [21] .
Thyroid Hormone and Thyroid-Stimulating Hormone
A number of investigations on experimental animals have established that hypothyroidism prolongs the phase of Sertoli cell proliferation, i.e., inhibits the differentiation of these cells, resulting in elevated Sertoli cell number, testis size and sperm count [22] [23] [24] . Conversely, high levels of T3 enhance differentiation and give rise to smaller testes and a lower sperm count. Although, the effects of high levels of TSH per se have not been characterized in detail, it is shown that high levels of TSH may interact with the FSH receptor [25] , thus offering a plausible explanation for the enhanced proliferation of immature Sertoli cells observed in connection with experimental hypothyrodism. In humans, hypothyroidism may be associated with increased testis volume (macroorchidism) in the absence of precocious puberty, indicating the presence of an elevated number of Sertoli cells [26] .
Prolactin
It is a well-known fact that elevated levels of prolactin (PRL) impair fertility in both males and females by inhibiting secretion of gonadotrophins. Sertoli cells express PRL receptors [27] and this hormone stimulates cell growth, lactate secretion and general protein synthesis by both rat and porcine Sertoli cells [28] . Targeted disruption of either PRL or its receptor in male mice does not affect their fertility, indicating that PRL does not play an essential role in maintaining male reproductive health (for a review see [29] ). Moreover, no cases of human testicular pathology linked to inactivating mutations in the genes encoding PRL or its receptor have been reported.
Growth Hormone
Convincing evidence demonstrates that growth hormone (GH) and insulin-like growth factor (IGF)-I, produced systemically and/or locally, interfere with gonadal function. Sertoli cells express GH receptors [30] ; systemic administration of GH in boars' results in enhanced Sertoli cell size and maturation [31] , and failure to respond to GH results in delayed sexual maturation but no impairment of fertility [32] . Moreover, a deficiency in GH may be associated with the development of smaller testes, indicating a reduction in the number of Sertoli cells, although again fertility is not compromised [33] . To date, no in vitro studies have confirmed that these effects observed in vivo reflect a direct receptor-mediated influence on Sertoli cells.
GH treatment in boys without GH deficiency is reported to impair testicular function and reduce testicular size [34] , but other reports do not support this finding [35, 36] .
Paracrine Regulation
Testosterone Spermatogenesis is dependent on the presence of an adequate intratesticular level of testosterone [37] . Sertoli cells express the AR, but germ cells do not [38] , indicating that androgenic effects on the seminiferous epithelium are mediated via the former. Recently, cell-specific targeting of the expression of AR by Sertoli cells, confirmed that this receptor is required for an adequate blood-testis barrier function [39] as well as for meiosis and the postmeiotic development of germ cells [40] . The level of expression of AR on Sertoli cells increases in connection with maturation [41] . However, even though androgenic action on these cells modulates their gene expression and proliferation [40, 42] , it has still not been conclusively established that such action is crucial to early differentiation of the Sertoli cell [40] . There are several case reports on patients with null mutations of AR and Sertoli cell tumors (though the most common histological form of tumor is seminoma) [43] and even in the absence of tumor tissue the Sertoli cells from these patients have been described as having immature features [44] .
Estrogen
Possible estrogenic action on the testis has been the subject of a great deal of debate in recent years. It has long been known that prenatal exposure of males to estrogens adversely affects their later fertility [45] , but the discovery that testicular cells express estrogen receptors indicated that estrogenic action on the testis may be of physiological relevance [46, 47] . Immature Sertoli cells may themselves produce estrogens via their aromatase activity [48] , whereas in adulthood Leydig and germ cells become sources of testicular estrogen [49] .
Sertoli cells express the estrogen receptor-␤ (ER-␤ ) throughout the process of maturation and may thus respond to estrogens from an early age onwards [50] . Although no clear evidence that these cells require estrogens to function adequately exists, testicular function in human males possessing either a disrupted aromatase gene or non-functional estrogen receptor has been reported to be disturbed [51] . Moreover, male mice lacking a functional aromatase gene exhibit normal sexual development and are initially fertile, but later become infertile [52] .
Growth Factors
The large number of growth factors that have been isolated from the testis include fibroblast growth factors-1 and -2 (FGF-1, FGF-2), insulin-like growth factors I and II (IGF-I, IGF-II), transforming growth factor-␣ (TGF-␣ ), activin A and epidermal growth factor (EGF). Receptors for most of these growth factors are present on Sertoli cells [53] [54] [55] [56] [57] and several of them, i.e., FGF-2, IGF-I, IGF-II, TGF-␣ , EGF, activin A, have been found to stimulate the growth of these cells, although contradictory reports have also appeared [13, [58] [59] [60] [61] [62] [63] . A number of these growth factors also appear to influence other Sertoli cell functions, such as the production of lactate and transferrin (for a review, see [64] ).
No gene mutations in humans that might provide insight into the biological relevance for gonadal function of these in vitro findings have yet been described. Furthermore, since these growth factors have pronounced effects on other organ systems as well, findings on 'knock-out' mice must be interpreted with care. At present, it appears likely that paracrine growth factors play a role in the growth and maturation of Sertoli cells, but that redundancy ensures that these processes are not wholly dependent on any single one of these factors.
Inhibin B
Sertoli cells produce and secrete the peptide hormone inhibin B into the circulation as a response to FSH stimulation. Inhibin B is generally considered to play an endocrine role by inhibiting FSH-secretion from the pituitary and there is no clear evidence of any autocrine effects of the hormone on the Sertoli cells themselves. In humans, serum inhibin B-levels are high during early postnatal life and then gradually declines to a still detectable plateau-level until puberty when the levels again increase. Measurements of inhibin B is clinically used to assess the presence and function of Sertoli cells during childhood. In contrast, the inhibin B levels in adult life are dependent on the presence of germ cells and thus reflect spermatogenesis [63, 65] .
Inflammatory Cytokines
The expression of proinflammatory cytokines is readily induced in activated macrophages in response to inflammatory stimuli and in vitro Sertoli cells clearly respond to several of these cytokines.
Expression of the major products of activated macrophages, interleukin-1 (IL-1), tumor necrosis factor-␣ (TNF-␣ ) and interleukin-6 (IL-6), is also easily induced in Sertoli cells by procedures employed for cell isolation [66] [67] [68] , a fact which is important to remember when evaluating findings on primary cell cultures.
IL-1 ␣ is produced constitutively by Sertoli cells in the testis from the beginning of puberty [7-9, 69, 70] , whereas testicular production of IL-1 ␤ may be induced by proinflammatory stimuli [71] . Sertoli cells also express IL-1 receptors [72] and both IL-1 ␣ and IL-1 ␤ influence various Sertoli cell functions, including the production of transferrin and lactate [73, 74] . Furthermore, IL-1 acts as a potent growth factor for Sertoli cells in vitro [67] .
Although TNF-␣ has been reported to be expressed by germ cells even under non-inflammatory conditions [75] , its production is potently enhanced by proinflammatory stimuli, as is the case for other cytokines [76] . TNF-␣ enhances transferrin secretion by Sertoli cells [77] , as well as inhibiting their aromatase activity and production of lactate and inhibin [78] .
Although it is clear that testicular IL-6 production can be induced by inflammatory stimuli, both in vivo and in vitro [76, 79] , this cytokine is not normally expressed in the rat testis [7] . Isolated Sertoli cells respond to IL-6 by elevating their production of transferrin [80] , as well as reducing secretion of this protein [77] .
Our own studies have demonstrated that IL-1 ␣ , IL-1 ␤ , TNF-␣ and IL-6 all stimulate the growth of immature Sertoli cells in culture [67, 68] .
The possible physiological relevance of testicular IL-1 ␣ and TNF-␣ under non-inflammatory conditions remains obscure. Mice in which the IL-1 or TNF receptors have been disrupted exhibit no alteration in testicular phenotype [81, 82] and no relevant mutations in humans have been reported to be associated with testicular pathology. On the other hand, inflammatory cytokines may act well as pathogenetic factors in connection with testicular damage of various kinds.
The Number of Sertoli Cells Present Determines Sperm Output and Testicular Size
Investigations on fish have revealed clearly that one individual Sertoli cell nurses a clone of developing germ cells [83] . Furthermore, the correlation between Sertoli cell number and both testicular size and sperm output is well established [84] . Sertoli cells divide rapidly and extensively during fetal and early postnatal life, after which their mitotic activity is attenuated. At the beginning of puberty, these cells stop proliferating altogether and thereafter their number is considered to be fixed [10, 85] . Consequently, it is important for future fertility to establish an adequate number of Sertoli cells during prepubertal life. It is worth noting that the cytostatic drug cytosine arabinoside (AraC), employed clinically in several modern protocols for treatment of childhood cancer, blocks Sertoli cell proliferation in experimental systems [84] .
Involvement of Sertoli Cells in Testicular Pathology
Indications that not only male gonadal malformations (e.g., hypospadia and cryptorchidism), but also reduced sperm counts and the development of testicular cancer later in life may result from processes occurring during fetal/early postnatal life have stimulated research interest in the immature testis, and particularly Sertoli cells. Poorly developed Sertoli cells, exhibiting morphological features characteristic of immature cells, have been observed in human testes demonstrating spermatogenic dysfunction or cryptorchidism, as well as in the close vicinity of testicular cancer [86] , suggesting possible pathogenetic involvement of Sertoli cells in these conditions.
The incidence of TDS appears to be increasing (for references, see [2] ). There are geographical variations; e.g., Finland has a lower incidence of testicular cancer than Denmark, but both of these countries still share in the same rising trend. Thus, in Finland the incidence of testicular cancer has increased from 1.3 to 3.2 and in Denmark from 7.8 to 10.3 per 100,000 inhabitant-years during the last 20 years [87, 88] .
It has been speculated that environmental agents, socalled endocrine disrupters which may potentially interfere with physiological hormonal events early in life, are involved in such increases [2] . Indeed, administration of the synthetic estrogen diethylstilboestrol to rats decreases the number of Sertoli cells [42] , also disturbing their maturation and thereby delaying, e.g., the formation of the blood-testis barrier [89] . It has been recognized for some time that Sertoli cells are the targets of various toxicants, which harm testicular functions ( table 2 ) [90] , e.g., a group of plasticizers known as phthalates, which are wide spread in the environment including children's toys and soft plastics used in health care products have actually been shown to cause effects resembling those of TDS in rats [91] .
It is also known that perinatal risk factors may be involved in the pathogenesis of testicular cancer. Numerous reports demonstrate that both premature birth and a low birth weight significantly increase the risk for future development of testicular malignancy [92] [93] [94] [95] . Thus, events that are not strictly hormonal may be of importance in this connection, especially in the light of the fact that severe infections, exposure to drugs and other stressful events often disrupt the early life of premature infants.
Concluding Remarks
Somatic Sertoli cells located in the seminiferous epithelium of the testis are of central importance in connection with early determination of male somatic sex as well as germ cell development during adult life. The number of Sertoli cells present correlates well with the size of the testis and accordingly with the adult number of germ cells produced. Prior to the start of puberty, Sertoli cells continue to divide and mature. Several investigations have focused on hormonal regulation of the functions of the differentiated cells, but the detailed mechanisms underlying the maturation process and general maintenance of a well-functioning Sertoli cell remain obscure. The alarming decline in male reproductive health challenges researchers to attempt to characterize harmful effects of environmental agents on the testis during fetal and early neonatal life. Poor differentiation of Sertoli cells is thought to be involved in the processes leading to a low sperm count, as well as to testicular cancer. Even though efforts have been made to elucidate the endocrine and paracrine regulation of the Sertoli cell, many questions remain to be answered before definitive conclusions concerning environmental influences on the immature Sertoli cell can be drawn.
